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Preface 


The man who has ceased to learn ought not to be allowed 
to wander around loose in these dangerous days. 
M. M. Coady 


A. The Audience 


This book for undergraduates was written with today’s students in mind. It pro- 
vides instantaneous access to information, does not waste time on extraneous 
details, cuts right to the point, uses more bullets to make information easier to 
access, and includes new, novel problems on chemical reaction engineering (e.g., 
“What’s wrong with this solution?”). It gives more emphasis to safety (Chapters 
12 and 13) and alternative energy sources: solar (Chapters 3, 8, and 10) and bio- 
fuel production (Chapter 9). It also contains interactive computer games, as well 
as a little more Michigan humor here and there. A draft version of this book was 
printed, class tested at the University of Michigan and other leading universities, 
and further revised, taking into account the suggestions of more than 200 stu- 
dents. As a result, much of the material was revised and reworked based on that 
feedback. 


B. The Goals 
B.1. To Have Fun Learning Chemical Reaction Engineering (CRE) 


CRE is a great subject and the heart of chemical engineering. It is one of two 
core courses that is unique to chemical engineering. 


B.2. To Develop a Fundamental Understanding of Reaction 
Engineering 


The second goal of this book is to enable the reader to develop a clear under- 
standing of the fundamentals of chemical reaction engineering (CRE). This 


XV 


xvi 


Preface 


goal will be achieved by presenting a structure that allows the reader to solve 
reaction engineering problems through reasoning rather than through memo- 
rization and recall of numerous equations and the restrictions and conditions 
under which each equation applies. The algorithms presented in the text for 
reactor design provide this framework, and the homework problems will give 
practice using the algorithms. The conventional home problems at the end of 
each chapter are designed to reinforce the principles in the chapter. These 
problems are about equally divided between those that can be solved with a 
calculator and those that require a personal computer and a numerical software 
package, such as Polymath, AspenTech, or COMSOL. 

To give a reference point as to the level of understanding of CRE required 
in the profession, a number of reaction engineering problems from the Califor- 
nia Board of Registration for Civil and Professional Engineers—Chemical 
Engineering Examinations (PECEE) are included in the text.! Typically, these 
problems should each require approximately 30 minutes to solve. 

Finally, the DVD-ROM should greatly facilitate learning the fundamen- 
tals of CRE because it includes summary notes of the chapters, PowerPoint 
slides of class lecture notes, added examples, expanded derivations, and self tests. 
A complete description of these learning resources is given in Appendix H. 


B.3. To Enhance Critical Thinking Skills 


A third goal is to enhance critical thinking skills. A number of home problems 
have been included that are designed for this purpose. Socratic questioning is 
at the heart of critical thinking, and a number of homework problems draw 
from R. W. Paul’s six types of Socratic questions,” shown in Table P-1. 


TABLE P-1 SIX TYPES OF SOCRATIC QUESTIONS USED IN CRITICAL THINKING 


(1) Questions for clarification: Why do you say that? How does this relate to our discussion? 
“Are you going to include diffusion in your mole balance equations?” 


(2) Questions that probe assumptions: What could we assume instead? How can you verify or 
disprove that assumption? 


“Why are you neglecting radial diffusion and including only axial diffusion?” 
(3) Questions that probe reasons and evidence: What would be an example? 
“Do you think that diffusion is responsible for the lower conversion?” 
(4) Questions about viewpoints and perspectives: What would be an alternative? 


“With all the bends in the pipe, from an industrial/practical perspective, do you think diffu- 
sion and dispersion will be large enough to affect the conversion?” 


' The permission for use of these problems, which, incidentally, may be obtained from 
the Documents Section, California Board of Registration for Civil and Professional 
Engineers—Chemical Engineering, 1004 6th Street, Sacramento, CA 95814, is grate- 
fully acknowledged. (Note: These problems have been copyrighted by the California 
Board of Registration and may not be reproduced without its permission.) 


2 R. W. Paul, Critical Thinking (Santa Rosa, Cal.: Foundation for Critical Thinking, 1992). 
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TABLE P-1 SIX TYPES OF SOCRATIC QUESTIONS USED IN CRITICAL THINKING (CONTINUED) 


(5) Questions that probe implications and consequences: What generalizations can you make? 
What are the consequences of that assumption? 


“How would our results be affected if we neglected diffusion?” 


(6) Questions about the question: What was the point of this question? Why do you think I 
asked this question? 


“Why do you think diffusion is important?” 


Scheffer and Rubenfeld?4 expand on the practice of critical thinking skills dis- 
cussed by R. W. Paul by using the activities, statements, and questions shown 
in Table P-2. The reader should try to practice using some or all of these 
actions every day, as well as asking the critical thinking questions in Table 
P-1. 


TABLE P-2 CRITICAL THINKING ACTIONS? 


Analyzing: separating or breaking a whole into parts to discover their nature, function, and 
relationships 
“T studied it piece by piece.” 
“T sorted things out.” 


Applying Standards: judging according to established personal, professional, or social rules or 
criteria 
“T judged it according to....” 


Discriminating: recognizing differences and similarities among things or situations and distin- 
guishing carefully as to category or rank 
“I rank ordered the various....” 
“I grouped things together.” 


Information Seeking: searching for evidence, facts, or knowledge by identifying relevant 
sources and gathering objective, subjective, historical, and current data from those sources 
“I knew I needed to look up/study....” 
“I kept searching for data.” 


Logical Reasoning: drawing inferences or conclusions that are supported in or justified by evi- 
dence 
“I deduced from the information that...” 
“My rationale for the conclusion was....” 


Predicting: envisioning a plan and its consequences 
“T envisioned the outcome would be....” 
“I was prepared for....” 


Transforming Knowledge: changing or converting the condition, nature, form, or function of 
concepts among contexts 
“I improved on the basics by....” 
“I wondered if that would fit the situation of ....” 


3 Courtesy of B. K. Scheffer and M. G. Rubenfeld, “A Consensus Statement on Critical 
Thinking in Nursing,” Journal of Nursing Education, 39, 352-59 (2000). 

4 Courtesy of B. K. Scheffer and M. G. Rubenfeld, “Critical Thinking: What Is It and 
How Do We Teach It?” Current Issues in Nursing (2001). 

5R. W. Paul, Critical Thinking (Santa Rosa, Cal.: Foundation for Critical Thinking, 
1992); B. K. Scheffer and M. G. Rubenfeld, “A Consensus Statement on Critical 
Thinking in Nursing,” Journal of Nursing Education, 39, 352-59 (2000). 
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I have found that the best way to develop and practice critical thinking skills is to 
use Tables P-1 and P-2 to help students write a question on any assigned home- 
work problem and then to explain why the question involves critical thinking. 

More information on critical thinking can be found on the DVD-ROM in 
the section on Problem Solving. 


B.4. To Enhance Creative Thinking Skills 


The fourth goal of this book is to help enhance creative thinking skills. This 
goal will be achieved by using a number of problems that are open-ended to 
various degrees. Here the students can practice their creative skills by explor- 
ing the example problems, as outlined at the beginning of the home problems 
of each chapter, and by making up and solving an original problem. Problem 
P5-1 gives some guidelines for developing original problems. A number of 
techniques that can aid the students in practicing and enhancing their creativity 
can be found in Fogler and LeBlanc® and its companion Web site, 
www.engin.umich.edu/scps, and in the Thoughts on Problem Solving section 
on the DVD-ROM and on the Web sites www.umich.edu/~essen and 
www.essentialsofCRE.com. We will use these techniques, such as Osborn’s 
checklist and de Bono’s lateral thinking (which involves considering other peo- 
ple’s views and responding to random stimulation) to answer add-on questions 
such as those in Table P-3. 


TABLE P-3 PRACTICING CREATIVE THINKING 


(1) Brainstorm ideas to ask another question or suggest another calculation that can be made for 
this homework problem. 


(2) Brainstorm ways you could work this homework problem incorrectly. 
(3) Brainstorm ways to make this problem easier or more difficult or more exciting. 


(4) Brainstorm a list of things you learned from working this homework problem and what you 
think the point of the problem is. 


(5) Brainstorm the reasons why your calculations overpredicted the conversion that was mea- 
sured when the reactor was put on stream. Assume you made no numerical errors on your 
calculations. 


(6) “What if...” questions: The “What if...” questions are particularly effective when used with 
the Living Example Problems, where one varies the parameters to explore the problem and 
to carry out a sensitivity analysis. For example, what if someone suggested that you should 
double the catalyst particle diameter, what would you say? 


One of the major goals at the undergraduate level is to bring students to the 
point where they can solve complex reaction problems, such as multiple reac- 
tions with heat effects, and then ask “What if . . ” questions and look for opti- 
mum operating conditions and unsafe operating conditions. One problem 
whose solution exemplifies this goal is the Manufacture of Styrene, Problem 
P12-24.. This problem is particularly interesting because two reactions are 
endothermic and one is exothermic. 


6 H. S. Fogler and S. E. LeBlanc, Strategies for Creative Problem Solving, Second Edition 
(Upper Saddle River, N.J.: Prentice Hall, 2006). 
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(1) Ethylbenzene — Styrene + Hydrogen: Endothermic 
(2) Ethylbenzene — Benzene + Ethylene: Endothermic 
(3) Ethylbenzene + Hydrogen — Toluene + Methane: Exothermic 


To summarize Section B, it is the author’s experience that both critical and cre- 
ative thinking skills can be enhanced by using Tables P-1, P-2, and P-3 to 
extend any of the homework problems at the end of every chapter. 


C. The Structure 


The strategy behind the presentation of material is to build continually on a few 
basic ideas in chemical reaction engineering to solve a wide variety of prob- 
lems. These ideas, referred to as the Pillars of Chemical Reaction Engineering, 
are the foundation on which different applications rest. The pillars holding up 
the application of chemical reaction engineering are shown in Figure P-1. 


MASS TRANSFER OPERATIONS 
NALYSIS OF RATE DATA , LABORATORY REACTORS, LEAST-SQUARES ANALYSIS 


OMOZr>re@ MOE 
atr Mmd 
<DAMEO-I0-040 
umozbr>o <owmmzm 


=) 


Figure P-1 Pillars of Chemical Reaction Engineering. 


From these pillars we construct our CRE algorithm: 


Mole Balance + Rate Laws + Stoichiometry + Energy Balance + Combine 


With a few restrictions, the contents of this book can be studied in virtu- 
ally any order after students have mastered the first six chapters. A flow dia- 
gram showing the possible paths can be seen in Figure P-2. 

The reader will observe that although metric units are used primarily in 
this text (e.g., kmol/m?, J/mol), a variety of other units are also employed (e.g., 
lb/ft’, Btu). This choice is intentional! We believe that whereas most papers 
published today use the metric system, a significant amount of reaction engi- 
neering data exists in the older literature in English units. Because engineers 
will be faced with extracting information and reaction rate data from older lit- 
erature as well as from the current literature, they should be equally at ease 
with both English and metric units. 

The notes in the margins are meant to serve two purposes. First, they act as 
guides or commentary as one reads through the material. Second, they identify 
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Figure P-2 Sequences for studying the text. 


key equations and relationships that are used to solve chemical reaction engi- 
neering problems. 


D. The Components of the DVD-ROM 


The interactive DVD-ROM is a novel and unique part of this book. The 
main purposes of the DVD-ROM are to serve as an enrichment resource and 
as a professional reference shelf. The home page for the DVD-ROM and the 
CRE Web site (www.umich.edu/~essen) is shown in Figure P-3; also see the 
Web site www.essentialsofCRE.com. 

The objectives of the DVD-ROM are fourfold: (1) to facilitate the learn- 
ing of CRE by using the DVD-ROM to actively address the Felder/Solomon 
Inventory of Learning Styles’ discussed in Appendix H; (2) to provide additional 
technical material; (3) to provide tutorial information and self-assessment exer- 
cises; and (4) to make the learning of CRE fun by using interactive games. The 
following components are listed at the end of most chapters and can be 
accessed from each chapter in the DVD-ROM. 


e Learning Resources 


The Learning Resources give an overview of the material in each chapter 
and provide extra explanations, examples, and applications to reinforce the 


7 http://www.ncsu.edu/felder-public/ILSdir/styles.htm 


Preface 


Xxi 


Companion DVD Essmriaison on 


ENGINITRING 


Fogler Essentials of Chemical 
mnh Reaction Engineering 


Select a chapter 
TOG n es 4 Se Tr A ee 10 11 12 13 Appendices 
hbar 


Objectives 


Learning Resources 


How to use this DVD - Web Modules 
Syllabus Interactive Computer Games Interactive Modules 
Lecture Notes 2011 Solved Problems - Web Modules 
Additional Software Living Example Problems ~ Computer Games 
Polymath™ Polymath™ Problem Solving 
- Aspen Plus™ - ASPEN™ - Thoughts on Problem Solving 
- COMSOL Multiphysics™ Professional Reference Shelf Updates, FAQs & YouTube Videos 
- ReactorLab™ Additional Homework Problems Credits 
DVD Chapter Material 
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Figure P-3 Screen shot of Web site (www.umich.edu/~essen) and DVD-ROM home page. 
basic concepts of chemical reaction engineering and are discussed further in 


Appendix E. The learning resources on the DVD-ROM include the following: 
1. Summary Notes 


The Summary Notes give an overview of each chapter and provide 
on-demand additional examples, derivations, and audio comments, as 
well as self tests to assess each reader’s understanding of the material. 
We have included links to comical YouTube Videos made by students 
in Professor Alan Lane’s 2008 chemical reaction engineering class at 
the University of Alabama. Specifically, check out Fogler Zone (you’ve 
got a friend in Fogler) (Chapter 1), The Black Widow murder mystery 
and Baking a Potato by Bob the Builder and Friends (Chapter 3), 
CRF Reactor Video, Crimson Reactor Firm’s video of a “semi batch” 
reactor with Diet Coke and Mentos (Chapter 4), learn a new dance 
and song, CSTR to the tune of YMCA, and a rap song and Find Your 
Rhythm, an Ice Ice Baby remix (Chapter 5). 
. Web Modules 
The Web Modules, which apply key concepts to both standard and 
nonstandard reaction engineering problems (e.g., the use of wetlands 
to degrade toxic chemicals, and death from a cobra bite), can be 
loaded directly from the DVD-ROM. Additional Web Modules are 
expected to be added to the Web site (www.umich.edu/~essen) over 
the next several years. 
. Interactive Computer Games (ICGs) 

Students have found the Interactive Computer Games to be both fun 
and extremely useful to review the important chapter concepts and 
then apply them to real problems in a unique and entertaining fashion. 
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e Quiz Show I (Ch. 1) 

e Reactor Staging (Ch. 2) 
e Quiz Show II (Ch. 4) 

e Murder Mystery (Ch. 5) 
e Tic Tac (Ch. 5) 

e Ecology (Ch. 7) 


The Great Race (Ch. 8) 
Enzyme Man (Ch. 9) 
Catalysis (Ch. 10) 
Heat Effects I (Ch. 12) 
Heat Effects II (Ch. 12) 


As the reader plays these interactive games, they will be asked a num- 
ber of questions related to the corresponding material in the textbook. 
The computer will keep track of all the correct answers and at the end 
of the game will display a coded performance number that reflects 
how well the reader mastered the material in the text. Instructors will 
have a manual to decode the performance number. 
4. Solved Problems 

A number of solved problems are presented along with problem-solving 
heuristics. Problem-solving strategies and additional worked example 
problems are available in the Problem Solving section of the 
DVD-ROM. 


Example Problems and Living Example Problems 


The end of chapter problems numbered “2” (e.g., P3-2,, P11-2) ask ques- 
tions about the example problems in that chapter. These problems are a 
key resource. These number 2 problems should be worked before tackling 
the more challenging Home Problems in the chapter. 

The example problems that use an ODE solver (e.g., Polymath) are 
referred to as “Living Example Problems” because students can load the 
Polymath program directly onto their own computers in order to study the 
problem. Students are encouraged to change parameter values and to “play 
with” the key variables and assumptions. Using the Living Example Prob- 
lems to explore the problem and asking “What if...” questions provide stu- 
dents with the opportunity to practice critical and creative thinking skills. 


DVD Chapter Material 


The DVD-ROM contains PDF files of the last five chapters from the fourth 
edition of the Elements of Chemical Reaction Engineering, which is mostly 
graduate material. These chapters, which were omitted from this book but 
are included on the DVD-ROM are: DVD Chapter 10, Catalyst Decay; 
DVD Chapter 11, External Diffusion Effects on Heterogeneous Reactions; 
DVD Chapter 12, Diffusion and Reaction; DVD Chapter 13, Distribution of 
Residence Times for Reactors; DVD Chapter 14, Models for Non Ideal 
Reactors; and a new chapter, DVD Chapter 15, Radial and Axial Tempera- 
ture Variations in a Tubular Reactor. 


Professional Reference Shelf 
This section of the DVD-ROM contains 
1. Material from the fourth edition of Elements of Chemical Reaction 


Engineering that is not included in the printed text of this book is 
included on the DVD-ROM. 
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2. Material that is important to the practicing engineer, such as details of 
the industrial reactor design for the oxidation of SO, and design of 
spherical reactors and other material that is typically not included in 
the majority of chemical reaction engineering courses. 


Software Toolbox on the DVD-ROM 


Polymath. The Polymath software includes an ordinary differential equa- 
tion (ODE) solver, a nonlinear equation solver, and nonlinear regression. As 
with previous editions, Polymath is used to explore the example problems 
and to solve the home problems. Polymath tutorials with screen shots are 
given on the DVD-ROM Summary Notes in Chapter 1 and can also be 
accessed from the Home Page by going to Living Example Problems and 
then clicking on Polymath. Most chemical engineering departments in the 
United States have site licenses for Polymath. If your department does not 
have a site license and would like one, have your instructor e-mail the 
CACHE Corporation at cache @uts.cc.utexas.edu to learn how to obtain one. 

A special Polymath Web site (www.polymath-software.com/fogler) has 
been set up for this book by Polymath authors Cutlip and Shacham. 


AspenTech. AspenTech is a process flow sheet simulator used in most 
senior chemical engineering design courses. It is now routinely introduced 
in earlier chemical engineering courses, such as thermodynamics, separa- 
tions, and now in chemical reaction engineering (CRE). See the AspenTech 
Web site, www.aspentech.com. Like Polymath, AspenTech site licenses are 
available in most chemical engineering departments in the United States. 
Four AspenTech simulation examples specific to CRE are provided on the 
DVD-ROM with step-by-step tutorial screen shots. 

As with Polymath programs, the input parameters can be varied to 
learn how they change the temperature and concentration profiles. 


COMSOL.’ The COMSOL Multiphysics software is a partial differential 
equation solver that is used with DVD Chapter 15 to view both axial and 
radial temperature and concentration profiles. For users of this text, COMSOL 
has provided a special Web site that includes a step-by-step tutorial, along 
with examples. See www.comsol.com/ecre. 


Further details of these three software packages can be found in Appendix E. 


Other DVD-ROM Resources 


FAQs. The Frequently Asked Questions (FAQs) are a compilation of ques- 
tions collected over the years from undergraduate students taking reaction 
engineering. 

Visual Encyclopedia of Equipment. This section was developed by Dr. 
Susan Montgomery at the University of Michigan. Here, a wealth of photo- 
graphs and descriptions of real and ideal reactors are given. Students with 
visual, active, sensing, and intuitive learning styles of the Felder/Solomon 
Index will particularly benefit from this section. 


Reactor Lab (www.SimzLab.com). Developed by Professor Richard Herz at the 
University of California at San Diego, this interactive tool will allow students 


8 The name FEMLAB was changed to COMSOL Multiphysics on July 1, 2005. 
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not only to test their comprehension of the CRE material, but also to explore 
different situations and combinations of reaction orders and types of reactions. 


Green Engineering Home Problems. Green engineering problems for virtu- 
ally every chapter have been developed by Professor Robert Hesketh at 
Rowan University and Professor Martin Abraham at the University of Toledo 
and these problems can be found at www.rowan.edu/greenengineering. 
These problems also accompany the book by David Allen and David Shon- 
nard, Green Engineering: Environmentally Conscious Design of Chemical 
Processes (Prentice Hall, 2002). 


Further information on how to use the DVD-ROM can be found in 
Appendix H. 


E. The Web 


The Web site (www.umich.edu/~essen or www.essentialsofCRE.com) will be 
used to update the text and the DVD-ROM. It will identify typographical and 
other errors in the first and later printings of Essentials of Chemical Reaction 
Engineering. In the near future, additional material may be added to include 
more solved problems, as well as additional Web Modules. 


F. What’s New 


A. Pedagogy. This book maintains all the strengths of the fourth edition of Ele- 
ments of Chemical Reaction Engineering by using algorithms that allow stu- 
dents to learn chemical reaction engineering through logic rather than 
memorization. At the same time, it provides new resources that allow students 
to go beyond solving equations in order to get an intuitive feel and understand- 
ing of how reactors behave under different situations. This understanding is 
achieved through more than sixty interactive simulations provided on the 
DVD-ROM that is bound in the back of the book. The DVD-ROM has been 
greatly expanded to address the Felder/Solomon Inventory of Different Learning 
Styles? through interactive Summary Notes and new and updated Interactive 
Computer Games (ICGs). For example, the Global Learner can get an over- 
view of the chapter material from the Summary Notes; the Sequential Learner 
can use all the ( Derive] hot buttons: and the Active Learner can interact 
with the ICGs and use the hot buttons in the Summary Notes. 
A new pedagogical concept is introduced in this text through expanded 
emphasis on the example problems. Here, the students simply load the Living 
Example Problems (LEPs) onto their computers and then explore the problems 
to obtain a deeper understanding of the implications and generalizations before 
working the home problems for that chapter. This exploration helps students 
get an innate feel of reactor behavior and operation, as well as develop and 
practice their creative thinking skills. To develop critical thinking skills, 
instructors can assign one of the new home problems on troubleshooting, as 
well as ask the students to expand home problems by asking a related question 
that involves critical thinking using Tables P-1 and P-2. Creative thinking skills 
can be enhanced by exploring the example problems and asking “What if. . .” 
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questions, by using one or more of the brainstorming exercises in Table P-3 to 
extend any of the home problems, and by working the open-ended problems. 
For example, in the case study on safety, students can use the DVD-ROM to 
carry out a post-mortem analysis on the nitroaniline explosion in Example 13-2 
to learn what would have happened if the cooling had failed for five minutes 
instead of ten minutes. To this end, a new feature in the text is an Analysis 
paragraph at the end of each example problem. Significant effort has been 
devoted to developing example and home problems that foster critical and cre- 
ative thinking. 

B. Content. The following areas have received an a increased emphasis in 
Essentials over previous CRE editions by including thorough Example Prob- 
lems and Home Problems on the following: 


Safety: Three industrial explosions are discussed and modeled. 
(1) Ammonium Nitrate CSTR Explosion (Chapters 12 and 13) 
(2) Nitroaniline Batch Reactor Runaway (Chapter 13) 

(3) T2 Laboratories Batch Reactor Runaway (Chapter 13) 
(4) Resources from SAChE and CCPS (Chapter 12) 


Solar Energy: Three examples of solar energy conversion are discussed. 
(1) Solar Chemical Reactions (Chapter 3) 
(2) Solar Thermal Reactors (Chapter 8) 
(3) Solar Catalytic Water Spilling (Chapter 10) 


Alternative Fuels: 
(1) Production of Algae for Biomass (Chapter 9) 


AspenTech: 
An AspenTech tutorial for chemical reaction engineering and four exam- 
ple problems are provided on the DVD-ROM. The example problems are 
(1) Production of Ethylene from Ethane 
(2) The Pyrolysis of Benzene 
(3) Adiabatic Liquid Phase Isomerization of Normal Butane 
(4) Adabatic Production of Acetic Anhydride 


However, all intensive laws tend often to have exceptions. Very interesting con- 
cepts take orderly, responsible statements. Virtually all laws intrinsically are 
natural thoughts. General observations become laws under experimentation. 
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How is a chemical 
engineer different 
from other 
engineers? 


Mole Balances 1 


The first step to knowledge 
is to know that we are ignorant. 
Socrates (470-399 B.C.) 


The Wide Wild World of Chemical Reaction Engineering 

Chemical kinetics is the study of chemical reaction rates and reaction mecha- 
nisms. The study of chemical reaction engineering (CRE) combines the study 
of chemical kinetics with the reactors in which the reactions occur. Chemical 
kinetics and reactor design are at the heart of producing almost all industrial 
chemicals, such as the manufacture of phthalic anhydride shown in Figure 1-1. 
It is primarily a knowledge of chemical kinetics and reactor design that distin- 
guishes the chemical engineer from other engineers. The selection of a reaction 
system that operates in the safest and most efficient manner can be the key to 
the economic success or failure of a chemical plant. For example, if a reaction 
system produces a large amount of undesirable product, subsequent purifica- 
tion and separation of the desired product could make the entire process eco- 
nomically unfeasible. 
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Figure 1-1 Manufacture of phthalic anhydride. 


The Chemical Reaction Engineering (CRE) principles learned here can 
also be applied in many areas, such as waste treatment, microelectronics, nano- 
particles, and living systems, in addition to the more traditional areas of the 
manufacture of chemicals and pharmaceuticals. Some of the examples that 
illustrate the wide application of CRE principles in this book are shown in Fig- 
ure 1-2. These examples include modeling smog in the L.A. basin (Chapter 1), 
the digestive system of a hippopotamus (Chapter 2 DVD-ROM), and molecu- 
lar CRE (Chapter 3). Also shown are the manufacture of ethylene glycol (anti- 
freeze), where three of the most common types of industrial reactors are used 
(Chapters 5 and 6), and the use of wetlands to degrade toxic chemicals (Chap- 
ter 7 DVD-ROM). Other examples shown are the solid-liquid kinetics of 
acid-rock interactions to improve oil recovery (Chapter 7); pharmacokinetics of 
cobra bites (Chapter 8 Web Module); free radical scavengers used in the design 
of motor oils (Chapter 9); enzyme kinetics (Chapter 9) and drug delivery-phar- 
macokinetics (Chapter 9 DVD-ROM); heat effects, runaway reactions, and 
plant safety (Chapters 11 through 13); increasing the octane number of gaso- 
line and the manufacture of computer chips (Chapter 10). 
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Figure 1-2 The wide world of CRE applications. 


Mole Balances Chapter 1 


Overview—Chapter 1. This chapter develops the first building block of 
chemical reaction engineering, mole balances, which will be used continu- 
ally throughout the text. After completing this chapter the reader will be able 
to 


e Describe and define the rate of reaction 

e Derive the general mole balance equation 

e Apply the general mole balance equation to the four most com- 
mon types of industrial reactors 


Before entering into discussions of the conditions that affect chemi- 
cal reaction rate mechanisms and reactor design, it is necessary to account 
for the various chemical species entering and leaving a reaction system. 
This accounting process is achieved through overall mole balances on indi- 
vidual species in the reacting system. In this chapter, we develop a general 
mole balance that can be applied to any species (usually a chemical com- 
pound) entering, leaving, and/or remaining within the reaction system vol- 
ume. After defining the rate of reaction, —r,, we show how the general 
balance equation may be used to develop a preliminary form of the design 
equations of the most common industrial reactors: 


e Batch (BR) 

e Continuous-stirred tank (CSTR) 

e Tubular (PFR) 

e Packed bed (PBR) 

In developing these equations, the assumptions pertaining to the 
modeling of each type of reactor are delineated. Finally, a brief summary 
and series of short review questions are given at the end of the chapter. 


1.1 The Rate of Reaction, —ra 


The rate of reaction tells us how fast a number of moles of one chemical spe- 
cies are being consumed to form another chemical species. The term chemical 
species refers to any chemical component or element with a given identity. The 
identity of a chemical species is determined by the kind, number, and configu- 
ration of that species’ atoms. For example, the species para-xylene is made up 
of a fixed number of specific atoms in a definite molecular arrangement or 
configuration. The structure shown illustrates the kind, number, and configura- 
tion of atoms on a molecular level. Even though two chemical compounds 
have exactly the same number of atoms of each element, they could still be 
different species because of different configurations. For example, 2-butene has 
four carbon atoms and eight hydrogen atoms; however, the atoms in this com- 
pound can form two different arrangements. 


H we H vere 
Ps and joe 
CH, CH, CH, H 


cis-2-butene trans-2-butene 
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When has a 
chemical reaction 
taken place? 


A species can 
lose its identity by 
e Decomposition 
e Combination 
e Isomerization 


As a consequence of the different configurations, these two isomers display 
different chemical and physical properties. Therefore, we consider them as two 
different species, even though each has the same number of atoms of each 
element. 

We say that a chemical reaction has taken place when a detectable num- 
ber of molecules of one or more species have lost their identity and assumed a 
new form by a change in the kind or number of atoms in the compound and/or 
by a change in structure or configuration of these atoms. In this classical 
approach to chemical change, it is assumed that the total mass is neither cre- 
ated nor destroyed when a chemical reaction occurs. The mass referred to is 
the total collective mass of all the different species in the system. However, 
when considering the individual species involved in a particular reaction, we 
do speak of the rate of disappearance of mass of a particular species. The rate 
of disappearance of a species, say species A, is the number of A molecules that 
lose their chemical identity per unit time per unit volume through the breaking 
and subsequent re-forming of chemical bonds during the course of the reac- 
tion. In order for a particular species to “appear” in the system, some pre- 
scribed fraction of another species must lose its chemical identity. 

There are three basic ways a species may lose its chemical identity: 
decomposition, combination, and isomerization. In decomposition, the mole- 
cule loses its identity by being broken down into smaller molecules, atoms, or 
atom fragments. For example, if benzene and propylene are formed from a 
cumene molecule, 


CH(CHs3), 


= + C3H, 


cumene benzene propylene 


the cumene molecule has lost its identity (i.e., disappeared) by breaking its 
bonds to form these molecules. A second way that a molecule may lose its spe- 
cies identity is through combination with another molecule or atom. In the 
above reaction, the propylene molecule would lose its species identity if the 
reaction were carried out in the reverse direction, so that it combined with ben- 
zene to form cumene. The third way a species may lose its identity is through 
isomerization, such as the reaction 


CH; CH; 
arg | 
CH,—C—CH,CH, CH,C—CHCH, 


Here, although the molecule neither adds other molecules to itself nor breaks 
into smaller molecules, it still loses its identity through a change in configuration. 


What is —r,? 


Mole Balances Chapter 1 


To summarize this point, we say that a given number of molecules (i.e., 
moles) of a particular chemical species have reacted or disappeared when the 
molecules have lost their chemical identity. 

The rate at which a given chemical reaction proceeds can be expressed in 
several ways. To illustrate, consider the reaction of chlorobenzene and chloral 
to produce the banned insecticide DDT (dichlorodiphenyl-trichloroethane) in 
the presence of fuming sulfuric acid. 


CC1,CHO + 2C6H;C1 —> (C.H,4Cl)xCHCCl; + H2O 


Letting the symbol A represent chloral, B be chlorobenzene, C be DDT, and D 
be H,O we obtain 


A+2B—>C+D 


The numerical value of the rate of disappearance of reactant A, —r,, is a posi- 
tive number. 


The rate of reaction, —r,, is the number of moles of A (e.g., chloral) reacting 


(disappearing) per unit time per unit volume (mol/dm°-s). 


Example 1-1 


Chloral is being consumed at a rate of 10 moles per second per m? when reacting 
with Chlorobenzene to form DDT and water in the reaction described above. In 
symbol form, the reaction is written as 


A+2B —> C+D 


Write the rates of disappearance and formation (i.e., generation) for each species in 
this reaction. 


Solution 


(a) Chloral[A]: The rate of reaction of chloral [A] (-r,) is given as 
10 mol/m?-s 
Rate of disappearance of A = -r4 = 10 mol/m?-s 
Rate of formation of A = r, = —10 mol/m?-s 
(b) Chlorobenzene[B]: For every mole of chloral that disappears two moles of 
chlorobenzene [B] also disappear. 
Rate of disappearance of B = —rg = 20 mol/m*-s 
Rate of formation of B = rg = —20 mol/m?-s 
(c) DDT[C]: For every mole of chloral that disappears one mole 
of DDT[C] appears. 
Rate of formation of C = rc = 10 mol/m?-s 
Rate of disappearance of C = -rç = -10 mol/m?-s 
(d) Water[D]: Same relationship to chloral as the relationship to DDT. 
Rate of formation of D = rp = 10 mol/m?-s 
Rate of disappearance of D = -rp = -10 mol/m*-s 


Section 1.1 The Rate of Reaction —ra 7 


A+2B4C+D 


The convention 


—r, = 10 mol A/m?-s 
rą =—10 mol A/m?-s 

-rg = 20 mol B/m?-s 
rg = —20 mol B/m?-s 
rc = 10 mol C/m?-s 


What is —r, ? 


Definition of r; 


The rate law does 
not depend on 
the type of 
reactor used!! 


What is -r4 
a function of? 


Analysis: The purpose of this example is to better understand the convention for the 
rate of reaction. The symbol r; is the rate of formation (generation) of species j. If 
species j is a reactant, the numerical value of r; will be a negative number. If species 
j is a product, then r; will be a positive number. The rate of reaction, —r,, is the rate 
of disappearance of reactant A and must be a positive number. A mnemonic rela- 
tionship to help remember how to obtain relative rates of reaction of A to B, etc., is 
given by equation (3-1) on page 75. 


In Chapter 3, we will delineate the prescribed relationship between the 
rate of formation of one species, r; (e.g., DDT[C]), and the rate of disappear- 
ance of another species, — r; (e.g., chlorobenzene [B]), in a chemical reaction. 

Heterogeneous reactions involve more than one phase. In heterogeneous 
reaction systems, the rate of reaction is usually expressed in measures other 
than volume, such as reaction surface area or catalyst weight. For a gas-solid 
catalytic reaction, the gas molecules must interact with the solid catalyst sur- 
face for the reaction to take place, as described in Chapter 10. 

The dimensions of this heterogeneous reaction rate, -r4 (prime), are 
the number of moles of A reacting per unit time per unit mass of catalyst 
(mol/s-g catalyst). 

Most of the introductory discussions on chemical reaction engineering in 
this book focus on homogeneous systems, in which case we simply say that r; 
is the rate of formation of species j per unit volume. It is the number of moles 
of species j generated per unit volume per unit time. 

We can say four things about the reaction rate r;. The reaction rate law 
for r; is 

e The rate of formation of species j (mole/time/volume) 

e An algebraic equation 

e Independent of the type of reactor (e.g., batch or continuous flow) 

in which the reaction is carried out 

e Solely a function of the properties of the reacting materials and 

reaction conditions (e.g., species concentration, temperature, pres- 
sure, or type of catalyst, if any) at a point in the system 

However, because the properties and reaction conditions of the reacting 
materials may vary with position in a chemical reactor, r; can in turn be a func- 
tion of position and can vary from point to point in the system. 

The chemical reaction rate law is essentially an algebraic equation 
involving concentration, not a differential equation.! For example, the alge- 
braic form of the rate law for —r, for the reaction 


A — products 
may be a linear function of concentration, 
-ra= kCa (1-1) 


or, as shown in Chapter 3, it may be some other algebraic function of concen- 
tration, such as 


' For further elaboration on this point, see Chem. Eng. Sci., 25, 337 (1970); B. L. Crynes 
and H. S. Fogler, eds., AIChE Modular Instruction Series E: Kinetics, 1, 1 (New York: 
AIChE, 1981); and R. L. Kabel, “Rates?” Chem. Eng. Commun., 9, 15 (1981). 


The rate law is an 
algebraic equation. 


The convention 


Mole balance 
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Fa = kCy (1-2) 


or 


spe kiCy 
Oe Taek Cy 


For a given reaction, the particular concentration dependence that the rate law 
follows (i.e., -ra =kC, or -r4 = kCy or ...) must be determined from exper- 
imental observation. Equation (1-2) states that the rate of disappearance of A is 
equal to a rate constant k (which is a function of temperature) times the square 
of the concentration of A. As noted earlier, by convention, r, is the rate of for- 
mation of A; consequently, —r, is the rate of disappearance of A. Throughout this 
book, the phrase rate of generation means exactly the same as the phrase rate of 
formation, and these phrases are used interchangeably. 


1.2 The General Mole Balance Equation 


To perform a mole balance on any system, the system boundaries must first be 
specified. The volume enclosed by these boundaries is referred to as the system 
volume. We shall perform a mole balance on species j in a system volume, 
where species j represents the particular chemical species of interest, such as 
water or NaOH (Figure 1-3). 


System 


at Volume, V 


Figure 1-3 Mole balance on species j in a system volume, V. 


A mole balance on species j at any instant in time, t, yields the following 
equation: 


Rate of generation Rate of 
Rate of flow Rate of flow : 8 : i 
y of j by chemical accumulation 
of j into of j out of + : ts = epee ts 
reaction within |7| of j within 
the system the system 
: i the system the system 
(moles/time)| | (moles/time) . i 
(moles/time) (moles/time) 
In — Out + Generation = Accumulation 
dN, 
Fo — F, + G, = — (1-3) 


J J dt 
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where N; represents the number of moles of species j in the system at time 1. 
If all the system variables (e.g., temperature, catalytic activity, and concentra- 
tion of the chemical species) are spatially uniform throughout the system vol- 
ume, the rate of generation of species j, G;, is just the product of the reaction 
volume, V, and the rate of formation of species j, r; 


G,;=rj;V 
moles moles 
- = ————— _- volume 
time time + volume 


Now suppose that the rate of formation of species j for the reaction varies 
with position in the system volume. That is, it has a value r, at location 1, 
which is surrounded by a small volume, AV,, within which the rate is uni- 
form: similarly, the reaction rate has a value r, at location 2 and an associated 
volume, AV, , and so on (Figure 1-4). 


Figure 1-4 Dividing up the system volume, V. 


The rate of generation, AG; , in terms of r;, and subvolume AV,, is 

AG; =r AV, 
Similar expressions can be written for AG; and the other system subvolumes, 
AV,. The total rate of generation within the system volume is the sum of all 


the rates of generation in each of the subvolumes. If the total system volume is 
divided into M subvolumes, the total rate of generation is 


M M 
Gj= DAG A= Fry AV; 
i=l i=1 
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This is a basic 
equation for 
chemical reaction 
engineering. 


When is a batch 
reactor used? 


Reference Shelf 
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By taking the appropriate limits (i.e., let M— oo and AV—>0) and making 
use of the definition of an integral, we can rewrite the foregoing equation in 
the form 


esis dV 


From this equation we see that r; will be an indirect function of position, since 
the properties of the reacting materials and reaction conditions (e.g., concen- 
tration, temperature) can have different values at different locations in the reac- 
tor volume. 

We now replace G; in Equation (1-3) 


dN, 
Fo-F+G;= (1-3) 


by its integral form to yield a form of the general mole balance equation for 
any chemical species j that is entering, leaving, reacting, and/or accumulating 
within any system volume V. 


(1-4) 


From this general mole balance equation, we can develop the design equations 
for the various types of industrial reactors: batch, semibatch, and continu- 
ous-flow. Upon evaluation of these equations, we can determine the time 
(batch) or reactor volume (continuous-flow) necessary to convert a specified 
amount of the reactants into products. 


1.3 Batch Reactors (BRs) 


A batch reactor is used for small-scale operation, for testing new processes that 
have not been fully developed, for the manufacture of expensive products, and 
for processes that are difficult to convert to continuous operations. The reactor 
can be charged (i.e., filled) through the holes at the top (see Figure 1-5(a)). The 
batch reactor has the advantage of high conversions that can be obtained by 
leaving the reactant in the reactor for long periods of time, but it also has the 
disadvantages of high labor costs per batch, the variability of products from 
batch to batch, and the difficulty of large-scale production (see Professional 
Reference Shelf [PRS] on the DVD-ROM and Web). 
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Perfect mixing 


Batch Reactor 


Hand holes for 
charging reactor 


Connection for 
heating or 
cooling jacket 


Agitator 


Figure 1-5(a) Simple batch homogeneous Figure 1-5(b) Batch reactor mixing patterns. 

reactor. [Excerpted by special permission Further descriptions and photos of the batch 

from Chem. Eng., 63(10), 211 (Oct. 1956). reactors can be found in both the Visual 

Copyright 1956 by McGraw-Hill, Inc., New Encyclopedia of Equipment and in the 

York, NY 10020.] Professional Reference Shelf on the 
DVD-ROM. 


A batch reactor has neither inflow nor outflow of reactants or products while 
the reaction is being carried out: Fjo = F; = 0. The resulting general mole bal- 
ance on species j is 


dN. V 
cee ee _dV 
dt J "i 


If the reaction mixture is perfectly mixed (Figure 1-5(b)) so that there is no 
variation in the rate of reaction throughout the reactor volume, we can take Tj 
out of the integral, integrate, and write the mole balance in the form 


—l=rV (1-5) 


Let’s consider the isomerization of species A in a batch reactor 
A——B 


As the reaction proceeds, the number of moles of A decreases and the number 
of moles of B increases, as shown in Figure 1-6. 


What is a CSTR 
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Figure 1-6 Mole-time trajectories. 


We might ask what time, tı, is necessary to reduce the initial number of moles 
from Nag to a final desired number Na;. Applying Equation (1-5) to the 
isomerization 


dN 
i Pak 
rearranging, 
dt= dN a 
raV 


and integrating with limits that at t = 0, then Na = Nao, and at t = t, then 
Na = Nai, we obtain 
dN 
t= P A (1-6) 
Ny, —TAV 


This equation is the integral form of the mole balance on a batch reactor. It 
gives the time, f,, necessary to reduce the number of moles from Nag to Na; 
and also to form Np, moles of B. 


1.4 Continuous-Flow Reactors 


Continuous flow reactors are almost always operated at steady state. We will 
consider three types: the continuous-stirred tank reactor (CSTR), the plug flow 
reactor (PFR), and the packed-bed reactor (PBR). Detailed physical descrip- 
tions of these reactors can be found in both the Professional Reference Shelf 


as, (PRS) for Chapter 1 and in the Visual Encyclopedia of Equipment on the 
Reference Shelf 


DVD-ROM. 
1.4.1 Continuous-Stirred Tank Reactor (CSTR) 
A type of reactor used commonly in industrial processing is the stirred tank 


operated continuously (Figure 1-7). It is referred to as the continuous-stirred 
tank reactor (CSTR) or vat, or backmix reactor, and is used primarily for liquid 
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Figure 1-7(a) CSTR/batch Figure 1-7(b) CSTR mixing patterns. 
reactor. [Courtesy of Pfaudler, Inc.] Also see the Visual Encyclopedia of 
Equipment on the DVD-ROM. 


phase reactions. It is normally operated at steady state and is assumed to be 
perfectly mixed; consequently, there is no time dependence or position depen- 
dence of the temperature, concentration, or reaction rate inside the CSTR. That 
is, every variable is the same at every point inside the reactor. Because the 
temperature and concentration are identical everywhere within the reaction 
vessel, they are the same at the exit point as they are elsewhere in the tank. 
Thus, the temperature and concentration in the exit stream are modeled as 
being the same as those inside the reactor. In systems where mixing is highly 
nonideal, the well-mixed model is inadequate, and we must resort to other 
modeling techniques, such as residence-time distributions, to obtain meaning- 
ful results. This topic of nonideal mixing is discussed in DVD-ROM Chapters 
DVD13 and DVD 14, on the DVD-ROM included with this text, and in Chap- 
ters 13 and 14 in the fourth edition of The Elements of Chemical Reaction 
Engineering (ECRE). 
When the general mole balance equation 


v dN. 

FoF )+| rj dv=—4 (1-4) 
is applied to a CSTR operated at steady state (i.e., conditions do not change 
with time), 


14 


The ideal CSTR is 
assumed to be 
perfectly mixed. 


When is a tubular 
reactor most 
often used? 
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dN) _ 9 
dt 


in which there are no spatial variations in the rate of reaction (i.e., perfect 
mixing), 


lie: dV=Vr; 


it takes the familiar form known as the design equation for a CSTR: 


(1-7) 


The CSTR design equation gives the reactor volume V necessary to 
reduce the entering flow rate of species j from Fjo to the exit flow rate F;, when 
species j is disappearing at a rate of —r;, We note that the CSTR is modeled such 
that the conditions in the exit stream (e.g., concentration, and temperature) are 
identical to those in the tank. The molar flow rate F; is just the product of the 
concentration of species j and the volumetric flow rate v: 


F;=C;v 


moles _ moles volume (1-8) 


time volume time 


Similarly, for the entrance molar flow rate we have Fo = Co - Vo. Conse- 
quently, we can substitute for F and F; into Equation (1-7) to write a balance 
on species A as 


2 UpCag—UCa 


V (1-9) 


TA 


The ideal CSTR mole balance equation is an algebraic equation, not a 
differential equation. 


1.4.2 Tubular Reactor 


In addition to the CSTR and batch reactors, another type of reactor commonly 
used in industry is the tubular reactor. It consists of a cylindrical pipe and is 
normally operated at steady state, as is the CSTR. Tubular reactors are used 
most often for gas-phase reactions. A schematic and a photograph of industrial 
tubular reactors are shown in Figure 1-8. 

In the tubular reactor, the reactants are continually consumed as they 
flow down the length of the reactor. In modeling the tubular reactor, we 
assume that the concentration varies continuously in the axial direction 
through the reactor. Consequently, the reaction rate, which is a function of con- 
centration for all but zero-order reactions, will also vary axially. For the pur- 
poses of the material presented here, we consider systems in which the flow 
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Also see PRS and 
Visual Encyclope- 
dia of Equipment. 


E 
> 


| 


Figure 1-8(a) Tubular reactor schematic. Figure 1-8(b) Tubular reactor photo. 
Longitudinal tubular reactor. [Excerpted by Tubular reactor for production of Dimersol G. 
special permission from Chem. Eng., 63(10), [Photo Courtesy of Editions Techniq 

211 (Oct. 1956). Copyright 1956 by Institut français du pétrole]. 


McGraw-Hill, Inc., New York, NY 10020.] 


field may be modeled by that of a plug flow profile (e.g., uniform velocity as 
in turbulent flow), as shown in Figure 1-9. That is, there is no radial variation 
in reaction rate, and the reactor is referred to as a plug-flow reactor (PFR). 
(The laminar flow reactor is discussed on the DVD-ROM in Chapter DVD13 
and in Chapter 13 of the fourth edition of ECRE.) 


Plug flow-no radial variations in velocity, 
concentration, temperature, or reaction rate 


Reactants Products 


Figure 1-9 Plug-flow tubular reactor. 
The general mole balance equation is given by Equation (1-4): 


V dN. 
Fo-F)+| rj dv= (1-4) 


The equation we will use to design PFRs at steady state can be developed in 
two ways: (1) directly from Equation (1-4) by differentiating with respect to 
volume V, and then rearranging the result or (2) from a mole balance on spe- 
cies j in a differential segment of the reactor volume AV. Let’s choose the sec- 
ond way to arrive at the differential form of the PFR mole balance. The 
differential volume, AV, shown in Figure 1-10, will be chosen sufficiently 
small such that there are no spatial variations in reaction rate within this volume. 
Thus the generation term, AG fs is 


V 
AG,=[ r; V=r, AV 
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ED 


V+AV 


Figure 1-10 Mole balance on species j in volume AV. 


Molar rate of} |Molar rate of 
Molar flow Molar flow , : 
os . | | Generation Accumulation 
rate of species j|_|rate of species ji , f eae lil of a ls 
of species j |7 | of species 
Inat V Out at (V+AV) SPREA SPERE 
within AV within AV 


moles/time moles/time i : 
| moles/time | | moles/time | 


Out + Generation Accumulation 


Taloa $ r;AV = 0 (1-10) 


Dividing by AV and rearranging 


F lras IN 2A 
AV J 


the term in brackets resembles the definition of a derivative 


Ax>0 Ax dx 


if acme _df 


Taking the limit as AV approaches zero, we obtain the differential form of 
steady state mole balance on a PFR. 
Ay) Ren (1-11) 


Tubular reactor 


We could have made the cylindrical reactor on which we carried out our 
mole balance an irregular shape reactor, such as the one shown in Figure 1-11 


for reactant species A. 
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Picasso’s 


reactor 


J”) 


Figure 1-11 Pablo Picasso’s reactor. 


However, we see that by applying Equation (1-10), the result would yield the 
same equation (i.e., Equation [1-11]). For species A, the mole balance is 


dF 


Consequently, we see that Equation (1-11) applies equally well to our model of 
tubular reactors of variable and constant cross-sectional area, although it is 
doubtful that one would find a reactor of the shape shown in Figure 1-11 
unless it were designed by Pablo Picasso. 

The conclusion drawn from the application of the design equation to Pic- 
asso’s reactor is an important one: the degree of completion of a reaction 
achieved in an ideal plug-flow reactor (PFR) does not depend on its shape, 
only on its total volume. 

Again consider the isomerization A — B, this time in a PFR. As the reac- 
tants proceed down the reactor, A is consumed by chemical reaction and B is 
produced. Consequently, the molar flow rate F, decreases, while Fp increases 
as the reactor volume V increases, as shown in Figure 1-12. 


< 
© 
geeni] 


T 
A4 
Figure 1-12 Profiles of molar flow rates in a PFR. 


We now ask what is the reactor volume V, necessary to reduce the enter- 
ing molar flow rate of A from Fao to Fai. Rearranging Equation (1-12) in the 
form 
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dF, 


ra 


dV 


and integrating with limits at V=0, then Fyx=Fyo, and at V=V,, then 
Fiy= Fa). 


F, F~% dF 
vis f Zafe Ea (1-13) 
F 


ao TA Far TA 


V, is the volume necessary to reduce the entering molar flow rate Fa) to some 
specified value F}; and also the volume necessary to produce a molar flow rate 
of B of Fp- 


1.4.3 Packed-Bed Reactor (PBR) 


The principal difference between reactor design calculations involving homo- 
geneous reactions and those involving fluid-solid heterogeneous reactions is 
that for the latter, the reaction takes place on the surface of the catalyst (see 
Chapter 10). Consequently, the reaction rate is based on mass of solid catalyst, 
W, rather than on reactor volume, V. For a fluid—solid heterogeneous system, 
the rate of reaction of a species A is defined as 


—rx, = mol A reacted/(time X mass of catalyst) 


The mass of solid catalyst is used because the amount of catalyst is what is 
important to the rate of product formation. The reactor volume that contains 
the catalyst is of secondary significance. Figure 1-13 shows a schematic of an 
industrial catalytic reactor with vertical tubes packed with solid catalyst. 


Product Gas 


Coolant-Side 
Baffles 


Coolant 


Coolant 
— 


Feed Gas 


Figure 1-13 Longitudinal catalytic packed-bed reactor. [From Cropley, American Institute of 
Chemical Engineers, 86(2), 34 (1990). Reproduced with permission of the American Institute of 
Chemical Engineers, Copyright © 1990 AIChE. All rights reserved.] 
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PBR 
Mole Balance 


Use the differential 
form of design 
equation for 
catalyst decay and 
pressure drop. 


You can use the 
integral form 
only when there 
is no AP and no 
catalyst decay. 


In the three idealized types of reactors just discussed (the perfectly mixed 
batch reactor, the plug-flow tubular reactor [PFR]), and the perfectly mixed con- 
tinuous-stirred tank reactor [CSTR]), the design equations (i.e., mole balances) 
were developed based on reactor volume. The derivation of the design equation 
for a packed-bed catalytic reactor (PBR) will be carried out in a manner analo- 
gous to the development of the tubular design equation. To accomplish this der- 
ivation, we simply replace the volume coordinate in Equation (1-10) with the 
catalyst mass (i.e., weight) coordinate W (Figure 1-14). 


Figure 1-14 Packed-bed reactor schematic. 
As with the PFR, the PBR is assumed to have no radial gradients in con- 
centration, temperature, or reaction rate. The generalized mole balance on spe- 
cies A over catalyst weight AW results in the equation 


In —- Out + Generation = Accumulation 


Pages gees, E SW 0 (1-14) 


The dimensions of the generation term in Equation (1-14) are 


les A moles A 
AW Se OARA talyst) = ——— 
Ca) (time)(mass of catalyst) (SS Of COIS) time 


which are, as expected, the same dimensions of the molar flow rate F,. After 
dividing by AW and taking the limit as AW — 0, we arrive at the differential 
form of the mole balance for a packed-bed reactor: 


dF, , 


When pressure drop through the reactor (see Section 5.5) and catalyst 
decay (see Section 10.7 in DVD-ROM Chapter 10) are neglected, the integral 
form of the packed-catalyst-bed design equation can be used to calculate the 
catalyst weight. 


Fx dFy ao dF y 
W = ay — f 


F 
Fao TA 


(1-16) 


, 
A TA 


W is the catalyst weight necessary to reduce the entering molar flow rate of 
species A, Fao, down to a flow rate Fy. 
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For some insight into things to come, consider the following example of 
how one can use the tubular reactor design in Equation (1-11). 


Example 1-2 How Large Is It? 


Consider the liquid phase cis — trans isomerization of 2—butene 


H H H CH; 
=C — Tx 
CH, CH; CH, H 
cis-2-butene trans-2-butene 


which we will write symbolically as 
A——B 


The reaction is first order in A (—r, = kC,) and is carried out in a tubular reactor in 
which the volumetric flow rate, v, is constant, i.e., V = Ug. 
1. Sketch the concentration profile. 
2. Derive an equation relating the reactor volume to the entering and exiting 
concentrations of A, the rate constant k, and the volumetric flow rate vo. 
3. Determine the reactor volume necessary to reduce the exiting concentration to 
10% of the entering concentration when the volumetric flow rate is 10 dm?/min 
(i.e., liters/min) and the specific reaction rate, k, is 0.23 min. 


Solution 


1. Sketch Cy as a function of V. 
Species A is consumed as we move down the reactor, and as a result, both 
the molar flow rate of A and the concentration of A will decrease as we 
move. Because the volumetric flow rate is constant, v = Up), one can use 
Equation (1-8) to obtain the concentration of A, Ca = F,/Uy9, and then by 
comparison with Figure 1-12 plot, the concentration of A as a function of 
reactor volume, as shown in Figure E1-2.1. 


A 
Cao 


0.1C ao 


> 


o vı y 


Figure E1-2.1 Concentration profile. 
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Reactor sizing 


Concentration 
Profile 


2. Derive an equation relating V, Vo, k, Cag, and Cy. 


For a tubular reactor, the mole balance on species A (j = A) was shown to be 
given by Equation (1-11). Then for species A (j = A) 


LA =r, (1-12) 


For a first-order reaction, the rate law (discussed in Chapter 3) is 
-ra =kCy (E1-2.1) 


Because the volumetric flow rate, v , is constant (v = Ug), as it is for most all 
liquid-phase reactions, 
dF, d(Cyv) _ d(Cyvo) a dC, _, 
dv dV dv °av ^ 


(E1-2.2) 


Multiplying both sides of Equation (E1-2.2) by minus one and then substitut- 
ing Equation (E1-2.1) yields 


=r, =kC, (E1-2.3) 


Using the conditions at the entrance of the reactor that when V = 0, 
then Ca = Caos 


Uola ACy 


V 
= = j dV (E1-2.4) 
k Cro Cy 0 


Carrying out the integration of Equation (E1-2.4) gives 


y=% n Lao (E1-2.5) 
k ait 


We can also rearrange Equation (E1-2.5) to solve for the concentration of A 
as a function of reactor volume to obtain 


Ca= Cagexp (—kV/v9) 


A——>B 
Ca 


22 


When is a batch 
reactor used? 


Reference Shelf 


Mole Balances Chapter 1 


3. Calculate V. We want to find the volume, V;, at which C4 = = iC A0 
for k = 0.23 min! and vy = 10 dm?/min. 10 


Substituting Cag, Ca, Vo, and k in Equation (E1-2.5), we have 


10 dm3/min In Cao _ 10 dm? 


V= 
0.23 min! 0-1Cao 0.23 


In10 = 100 dm? (i.e., 100 L; 0.1 m?) 


Let’s calculate the volume to reduce the entering concentration to Cy, = 0.01 
Cao. Again using equation (E1-2.5) 


10 dm3/min l Cao _ 10 dm? 


V= n 
0.23 min!  0.01Caọ 0.23 


——In 100 = 200 dm? 


Note: We see that a larger reactor (200 dm?) is needed to reduce the exit con- 
centration to a smaller fraction of the entering concentration (e.g., Ca = 0.01 Cao). 


We see that a reactor volume of 0.1 m? is necessary to convert 90% of species 
A entering into product B for the parameters given. 


Analysis: For this irreversible liquid-phase first order reaction (i.e., -ra = kC) 
being carried out in a PFR, the concentration of the reactant decreases exponentially 
down the length (i.e., volume V) of the reactor. The more species A consumed and 
converted to product B, the larger must be the reactor volume V. The purpose of the 
example was to give a vision of the types of calculations we will be carrying out as 
we study chemical reaction engineering (CRE). 


1.5 Industrial Reactors 2 


Be sure to view the actual photographs of industrial reactors on the DVD-ROM 
and on the Web site. There are also links to view reactors on different Web 
sites. The DVD-ROM also includes a portion of the Visual Encyclopedia of 
Equipment—‘Chemical Reactors” developed by Dr. Susan Montgomery and 
her students at the University of Michigan. Also see Professional Reference 
Shelf on the DVD-ROM for “Reactors for Liquid Phase and Gas Phase 
Reactions.” 

In this chapter, and on the DVD-ROM, we’ve introduced each of the 
major types of industrial reactors: batch, stirred tank, tubular, and fixed bed 
(packed bed). Many variations and modifications of these commercial reactors 
(e.g., semibatch, fluidized bed) are in current use; for further elaboration, refer 
to the detailed discussion of industrial reactors given by Walas.’ 


2 Chem. Eng., 63(10), 211 (1956). See also AIChE Modular Instruction Series E, 5 
(1984). 

3 S. M. Walas, Reaction Kinetics for Chemical Engineers (New York: McGraw-Hill, 
1959), Chapter 11. 
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operating conditions. In addition, two solved example problems for Chapter 1 


3 The DVD-ROM describes industrial reactors, along with typical feed and 
can be found on the DVD-ROM. 


Zy 


Solved Problems Closure. The goal of this text is to weave the fundamentals of chemical 
reaction engineering into a structure or algorithm that is easy to use and 
apply to a variety of problems. We have just finished the first building 
block of this algorithm: mole balances 


Mole Balance 


This algorithm and its corresponding building blocks will be developed 
and discussed in the following chapters: 


e Mole Balance, Chapter 1 

e Rate Law, Chapter 3 

e Stoichiometry, Chapter 4 

e Combine, Chapter 5 

e Evaluate, Chapter 5 

e Energy Balance, Chapters 11 through 13 


With this algorithm, one can approach and solve chemical reaction engi- 
neering problems through logic rather than memorization. 


SUMMARY 
Each chapter summary gives the key points of the chapter that need to be 


remembered and carried into succeeding chapters. 


1. A mole balance on species j, which enters, leaves, reacts, and accumulates in 
a system volume V, is 


LADAN : V dN, 

STA escseneee +154 FoF + | i dV — 3 (S1-1) 
If, and only if, the contents of the reactor are well mixed, then the mole 
balance (Equation S1-1) on species A gives 

dN 
Fao- Fatra V = — (S1-2) 


2. The kinetic rate law for r; is: 


e The rate of formation of species j per unit volume (e.g., mol/s-dm>) 

e Solely a function of the properties of reacting materials and reaction condi- 
tions (e.g., concentration [activities], temperature, pressure, catalyst, or 
solvent [if any]) and does not depend on reactor type. 

e An intensive quantity (i.e., it does not depend on the total amount) 

e An algebraic equation, not a differential equation (e.g., —ra = kCa, 

-ra = kC Ê 
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For homogeneous catalytic systems, typical units of —r; may be gram 
moles per second per liter; for heterogeneous systems, typical units of rn may 
be gram moles per second per gram of catalyst. By convention, —r, is the rate 
of disappearance of species A and r; is the rate of formation of species A. 


3. Mole balances on species A in four common reactors are as follows. 


TABLE S.1. SUMMARY OF REACTOR MOLE BALANCES 


Mole Balance 


Reactor Comment Differential Form Algebraic Form Integral Form 
dN ao dN 
BR No spatial variations —4=r AV t= A 
dt N Al =F AV 
. ae Fso- E 
CSTR No spatial variations, = V= AA — 
steady state -r 
A 
dF F ao 
PFR Steady state —A=r A V= J dF a 
dV Fa Ta 
dF 
PBR Steady state —4 = ry. W,= ao dF, 
aW ; Fa T A 


DVD-ROM MATERIAL 


e Learning Resources 
1. Summary Notes 
2. Web Material 
A. Problem-Solving Algorithm 
B. Getting Unstuck on a Problem 
This site on the Web and DVD-ROM gives tips on how to overcome mental 
barriers in problem solving. 
C. Smog in L.A. Web module includes a Living Example Problem. 


Summary Notes 


B. Getting Unstuck C. Smog in L.A. 


Fotografiert von ©2002 Hank Good. 


Chapter 1 DVD-ROM Material 


3. Interactive Computer Games 
A. Quiz Show I 


Interactive 


ak 
: 


Computer Games 


Total Module Points (75 m d for mastery): 


4. Solved Problems 
í ton) CDP1-Agz Batch Reactor Calculations: A Hint of Things to Come 
e FAQ [Frequently Asked Questions]—In Updates/FAQ icon section 
e Professional Reference Shelf 
R1.1 Photos of Real Reactors 
Living Example Problem 
Smog in L.A. 
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R1.2 Reactor Section of the Visual Encyclopedia of Equipment 
This section of the DVD-ROM shows industrial equipment and discusses its 
operation. The reactor portion of this encyclopedia is included on the 
DVD-ROM accompanying this book. 


Reference Shelf 


© CSTR Module 
File 


S 1] | CSTR: Main Menu 


Continuous stirred tank reactors (CSTR 
are the most basic of the continuous 
reactors used in chemical processes. 
The CSTR on the left is a half pipe coil 
jacketed reactor. 


GENERAL 
INFORMATION 
vá EQUIPMENT DESIGN } 

USAGE EXAMPLES ) 


ADVANTAGES 
DISADVANTAGES | 


REFERENCES ) 


(Courtesy of Central Fabricators. Cincinnati. OH) 


By: Sam Catalano 
BACK TO PREVIOUS MENU } GADEN Sieve Wesorick 


R1.3 Industrial Reactors 
A. Liquid Phase 
e Reactor sizes and costs 
e Battery of stirred tanks 
e Semibatch 
B. Gas Phase 
e Costs 
e Fluidized bed schematic 
R1.4 Top Ten List of Chemical Products and Chemical Companies 


QUESTIONS AND PROBLEMS 


I wish I had an answer for that, because I’m getting 
tired of answering that question. 
Yogi Berra, New York Yankees 
Sports Illustrated, June 11, 1984 


The subscript to each of the problem numbers indicates the level of difficulty: A, least 


Before solving difficult; D, most difficult. 
the problems, state 
or sketch qualita- = 
tively the expected A=@ B-E C + D= +o 
results or trends. 
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2D 


Web Hint 


= Hint on the Web 


ICG Quiz Show 


Mole 
Balance 


Reactions 


Rate 
Laws 


100 
200 
300 


100 
200 
300 


100 
200 
300 


In each of the questions and problems below, rather than just drawing a box around your 

answer, write a sentence or two describing how you solved the problem, the assump- 

tions you made, the reasonableness of your answer, what you learned, and any other 
facts that you want to include. You may wish to refer to W. Strunk and E. B. White, The 

Elements of Style, 4th Ed. (New York: Macmillan, 2000) to enhance the quality of your 

sentences. 

P1-14 (a) Read through the Preface. Write a paragraph describing both the content 
goals and the intellectual goals of the course and text. Also describe 
what’s on the DVD-ROM and how the DVD-ROM can be used with the 
text and course. 

(b) List the areas in Figure 1-2 you are most looking forward to studying. 

(c) Take a quick look at the Web Modules and list the ones that you feel are 
the most novel applications of CRE. 

P1-2, Revisit Example 1-1. 

(a) Rework this example using Equation 3-1 on page 75. 

(b) What does a negative number for the rate of formation of species (e.g., Spe- 
cies A) signify? What does a positive number signify? Explain. 

(c) Revisit Example 1-2. Calculate the volume of a CSTR for the conditions 
used to figure the plug-flow reactor volume in Example 1-2. Which volume 
is larger, the PFR or the CSTR? Explain why. Suggest two ways to work this 
problem incorrectly. 

(d) Revisit Example 1-2. Calculate the time to reduce the number of moles of A 
to 1% of its initial value in a constant-volume batch reactor for the same 
reaction and data in Example 1-2. Suggest two ways to work this problem 
incorrectly. 

P1-3, Visit the Web site on Critical and Creative Thinking, www.engin.umich.edu/ 
~cre/probsolv/strategy/crit-n-creat.htm. 

(a) Write a paragraph describing what “critical thinking” is and how you can 
develop your critical thinking skills. 

(b) Write a paragraph describing what “creative thinking” is and then list 
four things you will do during the next month that will increase your cre- 
ative thinking skills. 

P1-4, Surf the DVD-ROM and the Web (www.engin.umich.edu/~cre). Go on a scav- 

enger hunt using the summary notes for Chapter 1 on the DVD-ROM. 

(a) Review the objectives for Chapter 1 in the Summary Notes on the 
DVD-ROM. Write a paragraph in which you describe how well you feel 
you met these objectives. Discuss any difficulties you encountered and 
three ways (e.g., meet with professor, classmates) you plan to address 
removing these difficulties. 

(b) Look at the Chemical Reactor section of the Visual Encyclopedia of 
Equipment on the DVD-ROM. Write a paragraph describing what you 
learned. 

(c) View the photos and schematics on the DVD-ROM under Essentials of 
Chemical Reaction Engineering—Chapter 1. Look at the QuickTime vid- 
eos. Write a paragraph describing two or more of the reactors. What sim- 
ilarities and differences do you observe between the reactors on the Web 
(e.g., www.loebequipment.com), on the DVD-ROM, and in the text? How 
do the used reactor prices compare with those in Table 1-1? 

P1-5, (a) Load the Interactive Computer Games (ICG) from the DVD-ROM or 
Web. Play this game and then record your performance number, which 
indicates your mastery of the material. 


ICG Kinetics Challenge 1 Performance # 
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Fluidized 
catalyst 
pellets 


Hall of Fame 


/ 


Web Hint 


P1-6, 
P1-7, 


P1-8, 


P1-9, 
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(b) View the YouTube video (www.youtube.com) made by the chemical reac- 
tion engineering students at the University of Alabama, entitled Fogler 
Zone (you’ve got a friend in Fogler). Type in “chemicalreactor” to nar- 
row your search. You can also access it directly from a link in Chapter 1 
Summary Notes on the Web site at www.umich.edu/~essen. 

Make a list of the five most important things you learned from this chapter. 

What assumptions were made in the derivation of the design equation for: 

(a) The batch reactor (BR)? 

(b) The CSTR? 

(c) The plug-flow reactor (PFR)? 

(d) The packed-bed reactor (PBR)? 

(e) State in words the meanings of —r, and —7 . Is the reaction rate —r, an 
extensive quantity? Explain. 

Use the mole balance to derive an equation analogous to Equation (1-7) for a fluid- 

ized CSTR containing catalyst particles in terms of the catalyst weight, W, and other 

appropriate terms. [Hint: See margin figure. ] 

We are going to consider the cell as a reactor. The nutrient corn steep liquor 

enters the cell of the microorganism Penicillium chrysogenum and is decom- 

posed to form such products as amino acids, RNA, and DNA. Write an 
unsteady mass balance on (a) the corn steep liquor, (b) RNA, and (c) penicil- 
lin. Assume the cell is well mixed and that RNA remains inside the cell. 


In Out 
———— 
Corn Steep Liquor Penicillin 


Penicillium chrysogenum 


P1-10,; Schematic diagrams of the Los Angeles basin are shown in Figure P1-12s,. 


The basin floor covers approximately 700 square miles (2Xx10!° ft?) and is 
almost completely surrounded by mountain ranges. If one assumes an inver- 
sion height in the basin of 2000 ft, the corresponding volume of air in the 
basin is 4x 10! f? . We shall use this system volume to model the accumula- 
tion and depletion of air pollutants. As a very rough first approximation, we 
shall treat the Los Angeles basin as a well-mixed container (analogous to a 
CSTR) in which there are no spatial variations in pollutant concentrations. 


N Wind 


(Ep Represents mountains 


or hills 
e Beverly Hills 
Los 
ANGELES Yo L.A. Vo _ Wind from 
ÄN bosin Z Mojave Desert 
[N ESN 


Side view 
Figure P1-12g Schematic diagrams of the Los Angeles basin. 
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O 


Living Example Problem 


n 


P1-11, 


P1-12, 


We shall perform an unsteady-state mole balance on CO as it is depleted 
from the basin area by a Santa Ana wind. Santa Ana winds are high-velocity 
winds that originate in the Mojave Desert just to the northeast of Los Angeles. 
Load the Smog in Los Angeles Basin Web Module. Use the data in the mod- 
ule to work parts 1-12 (a) through (h) given in the module. Load the Living 
Example Polymath code and explore the problem. For part (i), vary the 
parameters Up, a, and b, and write a paragraph describing what you find. 

There is heavier traffic in the L.A. basin in the mornings and in the eve- 
nings as workers go to and from work in downtown L.A. Consequently, the 
flow of CO into the L.A. basin might be better represented by the sine func- 
tion over a 24-hour period. 

The reaction 


A — B 


is to be carried out isothermally in a continuous-flow reactor. The entering volumet- 
ric flow rate vo is 10 dm°/h. (Note: F, = Cav. For a constant volumetric flow 
rate V = Vo, then Fy = Cyvy. Also, Cag = F 40V = ([5 mol/h| 10 dm3/h]) 
0.5 mol/dm3 .) 

Calculate both the CSTR and PFR reactor volumes necessary to consume 


99% of A (i.e., Ca = 0.01C 0) when the entering molar flow rate is 5 mol/h, 
assuming the reaction rate —r, is: 


@) -ra= k  withk=0.05 L Pas Vese = 99 dm?] 
h-dm3 
(b) -ra= kCy with k = 0.0001 s-! 
A dm3 
(c) -Fa = ke with k = 300 moh [Ans.: VoestR = 660 dm?] 


(d) Repeat (a), (b), and/or (c) to calculate the time necessary to consume 
99.9% of species A in a 1000 dm? constant volume batch reactor with 
Cay = 0.5 mol/dm?. 

This problem focuses on using Polymath, an ordinary differential equation 

(ODE) solver, and also a non-linear equation (NLE) solver. These equation 

solvers will be used extensively in later chapters. Information on how to obtain 

and load the Polymath Software is given in Appendix E and on the DVD-ROM. 

(a) There are initially 500 rabbits (x) and 200 foxes (y) on Farmer Oat’s 
property. Use Polymath or MATLAB to plot the concentration of foxes 
and rabbits as a function of time for a period of up to 500 days. The 
predator-prey relationships are given by the following set of coupled 
ordinary differential equations: 


a kirka y 
dy 

aY Skeyk 
dt 3X: Y=K4Y 


Constant for growth of rabbits k, = 0.02 day"! 

Constant for death of rabbits kọ = 0.00004/(day x no. of foxes) 

Constant for growth of foxes after eating rabbits k, = 0.0004/(day x no. of rabbits) 
Constant for death of foxes k4 = 0.04 day"! 

What do your results look like for the case of k; = 0.00004/(day x no. of 
rabbits) and ffn = 800 days? Also plot the number of foxes versus the 
number of rabbits. Explain why the curves look the way they do. 
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Polymath Tutorial 
on DVD-ROM 


Summary Notes 


Screen shots on 
how to run 
Polymath are 
shown at the end 
of the Summary 
Notes for Chapter 1 
on the DVD-ROM 
and on the Web 


/ 


Web Hint 


P1-13, 


P1-14, 


Mole Balances Chapter 1 


Vary the parameters k,, k2, k3, and k4. Discuss which parameters can or 
cannot be larger than others. Write a paragraph describing what you find. 
Use Polymath or MATLAB to solve the following set of nonlinear alge- 
braic equations: 


(b) 


By —4y? + 3x= 1 
6y* — Oxy =5 


with initial guesses of x = 2, y = 2. Try to become familiar with the edit 

keys in Polymath and MATLAB. See the DVD-ROM for instructions. 
Enrico Fermi (1901-1954) Problems (EFP). Enrico Fermi was an Italian 
physicist who received the Nobel Prize for his work on nuclear processes. 
Fermi was famous for his “Back of the Envelope Order of Magnitude Calcu- 
lation” to obtain an estimate of the answer through logic and making reason- 
able assumptions. He used a process to set bounds on the answer by saying it 
is probably larger than one number and smaller than another and arrived at an 
answer that was within a factor of 10. 
See http://mathforum.org/workshops/sum96/interdisc/sheila2.html 
Enrico Fermi Problem 
(a) EFP #1. How many piano tuners are there in the city of Chicago? Show 
the steps in your reasoning. 
Population of Chicago 
. Number of people per household 
3. Ete, 
An answer is given on the Web under Summary Notes for Chapter 1. 
EFP #2. How many square meters of pizza were eaten by an undergrad- 
uate student body population of 20,000 during the Fall term 2010? 
EFP #3. How many bath tubs of water will the average person drink in a 
lifetime? 
(d) EFP #4. Novel and Musical 24,601 = Jean ? ?_ 
What is wrong with this solution? The irreversible liquid phase second 


Na 


(c) 


order reaction (—r, = kCy) 


2A—* >B  k, = 0.03 dm*/mol-s 


is carried out in a CSTR. The entering concentration of A, Cag, is 2 molar. 
and the exit concentration of A, C, is 0.1 molar. The volumetric flow rate, vo, 
is constant at 3 dm?/s. What is the corresponding reactor volume? 


Solution 
be Mole: Balance 4. F -y C _ -30° 2 molA _ 6 molA 
v= Fao- Fy > fao = UC a0 = P ane ce 
“Ts, 3 
3d 0.1 molA 0.3 molA 
2. Rate Law (2nd order) 5. Fy =u,Cy = sae oe = ee 
ee sS dm sS 
ae mol 
3. Combine (6 — 0.3) — 


6. V= S 


=47.5 dm? 
ysi i dm? [2 mot) 
kCy ~~ mols dm? 
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NOTE TO INSTRUCTORS: Additional problems (cf. those from the preceding edi- 
ET tions) can be found in the solutions manual and on its DVD-ROM. These 
154 problems could be photocopied and used to help reinforce the fundamental 


apa principles discussed in this chapter. 


Solved Problems 


SUPPLEMENTARY READING 


1. For further elaboration of the development of the general balance equation, see not 
only the Web site www.umich.edu/~essen but also 


FELDER, R. M., and R. W. ROUSSEAU, Elementary Principles of Chemical Pro- 
cesses, 3rd ed. New York: Wiley, 2000, Chapter 4. 


Murpuy, REGINA M., Introduction to Chemical Processes: Principles, Analysis, 
Synthesis, New York, NY: McGraw-Hill Higher Education, 2007. 


HIMMELBLAU, D. M., and J. D. Riggs, Basic Principles and Calculations in 
Chemical Engineering, 7th ed. Upper Saddle River, N.J.: Prentice Hall, 
2004, Chapters 2 and 6. 


SANDERS, R. J., The Anatomy of Skiing. Denver, CO: Golden Bell Press, 1976. 


2. A detailed explanation of a number of topics in this chapter can be found in the 
tutorials. 


CRYNES, B. L., and H. S. FOGLER, eds., AIChE Modular Instruction Series E: 
Kinetics, Vols. 1 and 2. New York: AIChE, 1981. 


3. A discussion of some of the most important industrial processes is presented by 


AUSTIN, G. T., Shreve’s Chemical Process Industries, 5th ed. New York: 
McGraw-Hill, 1984. 
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Accumulation in bioreactors, 388 
Acetaldehyde 
decomposition of, 340 
from ethanol, 305 
pyrolysis of, 398 
Acetic acid, 200 
Acetic anhydride production, 537-549 
adiabatic operation, 540-541 
co-current heat exchange, 542-544 
constant heat exchange fluid temperature, 541-542 
counter current heat exchange, 544-545 
Acetylation reactions, 226 
Activation energies 
barrier height, 88—89 
and bond strength, 92-93 
determination, 90-92 
in rate laws, 80 
and reaction coordinates, 87 
Active intermediates, 340-341 
chain reactions in, 348 
enzymatic reactions, 349 
mechanism searches in, 345-348 
PSSH in, 341-345 
summary, 392-393 
Active learners, 683 
Active sites 
in catalysts, 413, 420-421 
in enzymes, 350 
Adenosene diphosphate (ADP), 373 
Adenosine triphosphate (ATP), 373 
ADH (alcohol dehydrogenase), 366 
Adiabatic operations 
acetic anhydride production, 540-541 
batch reactors, 605—608 


Index 


butane isomerization, 57—60, 536-537 
complex reactions with heat effects, 576-577 
CSTRs, 549-554 
energy balance, 484-485 
batch reactors, 605—608 
equilibrium temperature, 504-505 
steady-state nonisothermal design, 492-493 
tubular reactors, 494 
exothermic irreversible gas-phase reactions, 68—69 
interstage heat transfer, 505-509 
nitroaniline production, 612—613 
PFRs, 576-577 
propylene glycol production in, 549-554, 605-608 
temperature and equilibrium conversion, 502-505 
tubular reactors, 493-501 
Adsorption, 413 
of cumene, 431-437 
in CVD, 459-461 
dissociative, 270, 422-425, 460 
equilibrium constant, 422 
isotherms, 420—425 
rate constant, 422 
in toluene hydrodemethylation, 449-450 
Aerobic organism growth, 374 
Aerosol reactors, 236-237 
Affinity constant in Michaelis-Menten equation, 354 
Aiba, S., 378 
Air pollution, 28-29 
Alcohol dehydrogenase (ADH), 366 
Alcohol metabolism, 676 
Algae as alternative energy source, 404—405 
Algorithms 
complex reactions, 308 
CRE problems, 142 
data analysis, 246-247 
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Algorithms (continued) 
ethylene glycol production, 150 
vs. memorizing, 140 
multiple reactions, 286-288 
Aliphatic alcohol, 346 
Alkenes, ozone reactions with, 278 
Alpha order reactions, 77 
Alternative energy, 404—405 
Alumina-silica catalyst, 469-470 
Amino acids 
in chymotrypsin enzyme, 350 
synthesis, 373 
Ammonia 
from hydrogen and nitrogen, 430 
nitroaniline from, 608-615 
from urea, 361 
Ammonolysis, 226 
Amylase, 350 
Analytical solution for pressure drop, 174, 177-188 
Anthracene dimerisation, 101 
Antibiotics, 372, 376 
Antifreeze 
from ethylene glycol, 157 
from ethylene oxide, 183 
Antithrombin, 307 
Apparent reactions 
in azomethane decomposition, 344 
in kinetic rate law, 81 
Aqueous bromine, photochemical decay of, 277—278 
ARA (attainable region analysis), 326 
Area balance in CVD, 459 
Arrhenius, Svante, 86 
Arrhenius equation, 86-87, 90, 92-93 
Arrhenius plots, 90-91 
Arrhenius temperature dependence, 362 
ARSST, 637 
Arterial blood in capillaries, 275 
Artificial kidneys, 352 
-ase suffix, 349 
AspenTech program, 186 
acetic anhydride production, 545 
explanation of, 670 
instructions, 671 
Aspirin, 364 
Atoms in reactions, 74 
Attainable region analysis (ARA), 326 
Autocatalytic growth, 67—68 
Autocatalytic reactions, 374 
Automobile emissions 
nitrogen oxides, 278—279, 470-471 
in smog formation, 28—29 
Azomethane decomposition, 341-345 
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Backmix reactors. See Continuous-stirred tank reac- 
tors (CSTRs) 


Index 


Bacteria, 371—372. See also Cells 
in batch reactors, 385-387 
in cell growth, 374-376 
in enzyme production, 349 
Bailey, J. E., 374 
Balance on A in semibatch reactors, 229 
Balance on heat transfer fluid in tubular reactors, 
525-527 
Balance on hydrogen in membrane reactors, 219, 222 
Basis of calculation in conversions, 34 
Batch reactors 
adiabatic operation, 605—608 
bacteria growth in, 385-387 
bioreactors, 384 
concentration equations for, 109-111 
cylindrical, 136—137 
data analysis methods, 248—249 
differential, 253—259 
integral, 249-253 
nonlinear regression, 259-264 
design equations for, 34-36, 94 
energy balance of, 483, 605—608 
enzymatic reaction calculations, 359-361 
with interrupted isothermal operation, 608—615 
isothermal design, 144-151 
mole balances on, 10-12 
in design equations, 35 
gas phase, 210-212 
integral data analysis, 250 
liquid phase, 208, 210 
runaway, 608-615, 628-630, 640 
series reactions in, 298—302 
space time in, 61 
stoichiometry in, 107-113 
Beetles, 101 
Benzene 
adsorption of, 436 
from cumene, 5 
desorption of, 433, 439-440 
in Langmuir—Hinshelwood kinetics, 431—432 
in reversible reactions, 83—85 
from toluene, 82, 446-456 
Benzene diazonium chloride, 90-91 
Berra, Yogi 
on observation, 245 
on questions, 26 
Berzelius, J., 409-410 
Best estimates of parameter values in nonlinear 
regression, 261 
Beta order reactions, 77 
Bifurcation problems, 582 
Bimolecular reactions, 74 
Biochar gasification, 335-336 
Bioconversions, 372 
Biomass reactions 
algae growth, 404-405 
in biosynthesis, 372 


Index 


in nonisothermal reactor design, 643 
in reaction rate law, 80 
Bioprocessing design problem, 676 
Bioreactors, 371-374 
autocatalytic growth in, 67—68 
cell growth in, 375-376 
chemostats, 135, 387-388 
design equations for, 388-389 
mass balances in, 383-387 
rate laws in, 376-378 
stoichiometry in, 379-383 
summary, 392-393 
wash-out in, 389-391 
Biosynthesis, 372—374 
Blanch, H. W., 374 
Blindness from methanol, 366 
Blood coagulation, 306-307, 327 
Blood flows in capillaries, 275 
Boltzmann’s constant, 655 
Bomb calorimeter reactors, 36 
Bond distortions in reaction systems, 88—89 
Bonding for enzyme-substrate complex, 350 
Boundary conditions, diffusion, 418-419 
Briggs—Haldane Equation, 359 
Bromine cyanide in methyl bromide production, 230-233 
Bulk catalyst density 
in packed bed flow, 172 
in pressure drop, 180 
Burns, Mark, 362 
Butadiene from ethanol, 285 
Butane 
butene from, 221 
from cyclobutane, 341 
isomerization of, 57-59, 496-501, 530-537 
Butanol dehydration, 469-470 
Butene from butane, 221 
Butyl alcohol (TBA), 468—469 
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Cajun seafood gumbo, 676—677 
Calculations 
enzymatic reactions, 359-361 
propylene glycol production, 552 
Calorimeters, 36 
Capillaries, arterial blood in, 275 
Carbon dioxide from urea, 361 
Carbon monoxide 
adsorption of, 422—425 
methane from, 266-271 
Carbonylation reactions in MCMT production, 629 
Catalysts and catalytic reactors, 409 
adsorption isotherms, 420—425 
benzene rate-limiting, 439—440 
catalysis, 410—411 
classification, 414—415 
definitions, 410—411 


desorption, 428 
for differential reactors, 264—265 
diffusion in 
from bulk to external transport, 418—419 
internal, 419—420 
DVD-ROM material, 467—468 
in ethylene oxide production, 188 
heterogeneous data analysis for, 446—448 
mechanisms, 449—450 
rate laws, 448—452 
reactor design, 453—456 
in heterogeneous reactions, 82 
membrane reactors, 217—219 
in microelectronic fabrication 
chemical vapor deposition in, 458—461 
overview, 456—458 
model discrimination in, 461—464 
properties of, 411—412 
questions and problems, 468—473 
rate laws, 431-434 
deducing, 448—449 
derived from PSSH, 445 
evaluating, 450-452 
temperature dependence of, 446 
rate-limiting, 428-430, 437-440 
reforming, 441-445 
steps, 415-430 
summary, 465-466 
supplementary reading, 475-476 
surface reaction, 426-428 
weight 
ethylene oxide, 183 
heterogeneous reactions, 7 
membrane reactors, 219 
PBR, 39, 172 
with pressure drop, 178-182 
Catalytic dehydration of methanol, 470 
CCPS (Center for Chemical Process Safety), 578 
Cells 
growth and division, 373-376 
chemostats for, 135, 387-388 
design equations for, 388-389 
and dilution rate, 390 
Luedeking—Piret equation, 382 
mass balances in, 383-387 
rate laws in, 376-378, 381 
stoichiometry in, 379-383 
wash-out in, 389-391 
reactions in, 372—373 
as reactors, 28 
Center for Chemical Process Safety (CCPS), 578 
Centers in catalysts, 413 
Cereals, nutrients in, 238—239 
Cerius program, 341 
Certificate programs, 579 
Chain reactions, 348 
Chain transfer step, 348 
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Channels in microreactors, 212 
Characteristic reaction times in batch operation, 146 
Chemical reaction engineering (CRE), 1-3 
Chemical species, 4-5 
Chemical vapor deposition (CVD), 458—461 
Chemisorption, 413-414, 420 
Chemostats, 135, 387-388 
Chesterton, G. K., 409 
Chirping frequency of crickets, 98 
Chloral in DDT, 6 
Chlorination 
membrane reactors, 316 
semibatch reactors, 226 
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